INTRODUCTION
============

Metabolic syndrome (MetS), a complex of highly debilitating disorders including hypertension, diabetes mellitus, and dyslipidemia, is associated with the development of visceral obesity.^[@ref1])^ Obesity is also separately associated with the development of hypertension^[@ref2])^ and a consequent increase in cardiovascular disease risk.^[@ref3])^ Salt loading induces left ventricular (LV) hypertrophy or diastolic dysfunction in several hypertension models.^[@ref4])^ Furthermore, some patients with MetS exhibit LV diastolic dysfunction,^[@ref5])^ which eventually leads to diastolic heart failure with a poor prognosis.^[@ref6])^

Reactive oxygen species (ROS), which are generated physiologically by cellular metabolism, have been implicated in cardiac functional damage.^[@ref4],\ [@ref7])^ Increased oxidative stress is also thought to contribute to MetS,^[@ref8])^ possibly as a result in part of the ROS-induced production of adipocytokines.^[@ref4])^ The fact that oxidative stress is also a common factor linked separately to each of the components of MetS further supports its importance in the etiopathogenesis of this condition.^[@ref9])^

The renin-angiotensin-aldosterone system (RAAS) is also implicated in the pathogenesis of MetS.^[@ref10])^ The effects of aldosterone are mediated by the mineralocorticoid receptor (MR), which belongs to the nuclear receptor superfamily. Aldosterone and MR are thought to contribute both to the development of MetS and to the progression of target organ damage associated with this condition. Renal and cardiac injury in an experimental model of MetS have thus been found to be dependent on activation of the aldosterone-MR system.^[@ref11]-[@ref13])^ Furthermore, MR antagonists have proved effective in clinical trials for the treatment of patients with severe heart failure.^[@ref14])^ MR blockade reduces LV mass in hypertensive individuals with LV hypertrophy and with or without type 2 diabetes mellitus,^[@ref14])^ and it ameliorates markers of inflammation in those with diabetes.^[@ref15])^ The relation between the aldosterone-MR system and oxidative stress in cardiac pathology associated with MetS has remained unclear, however.

We recently established a new animal model of MetS, the DahlS.Z-*Lepr^fa^*/*Lepr^fa^* (Dahl salt-sensitive (DS)/obese) rat, by crossing DS rats with Zucker rats, which harbor a missense mutation in the leptin receptor gene (*Lepr*). When fed a normal diet, DS/obese rats develop a phenotype similar to MetS in humans, including hypertension,^[@ref16],\ [@ref17])^ suggesting that salt sensitivity of blood pressure is enhanced in these animals. DS/obese rats also develop LV diastolic dysfunction as well as LV hypertrophy and fibrosis, and these changes are associated with the increases in cardiac oxidative stress and inflammation as well as in cardiac RAAS gene expression.^[@ref17])^ We have now investigated the effects of an antioxidant and a selective MR antagonist on cardiac remodeling and diastolic dysfunction in DS/obese rats.

METHODS
=======

Animals and experimental protocol
---------------------------------

Animal experiments were approved by the Animal Experiment Committee of Nagoya University Graduate School of Medicine (Daiko district, approval Nos. 021-030, 022-008, 023-009, 024-008, and 025-007). Eight-week-old male inbred DS/obese rats were obtained from Japan SLC Inc. (Hamamatsu, Japan) and were handled in accordance with the guidelines of Nagoya University Graduate School of Medicine as well as with the Guide for the Care and Use of Laboratory Animals (U.S. NIH publication no. 85-23, revised 1996). Weaning rats were fed normal laboratory chow containing 0.36% NaCl. DS/obese rats fed a 0.36% NaCl diet after 5 weeks of age develop LV hypertrophy and diastolic dysfunction attributable to hypertension at 15 weeks.^[@ref16],\ [@ref17])^ The rats were randomly allocated to three groups: (1) the MetS group (*n* = 8); (2) the Temp group (*n* = 8), in which the animals were administered the superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethyl-piperidine-*N*-oxyl (tempol; Sigma, St. Louis, MO, USA) at 1 mmol/L in drinking water from 10 to 15 weeks of age; and (3) the EPL group (*n* = 8), in which the animals were administered the selective MR antagonist eplerenone (Pfizer Inc., New York, NY, USA) at 15 mg per kilogram of body weight per day orally via a gastric tube from 10 to 15 weeks of age. The dose of eplerenone was determined on the basis of results of a previous study.^[@ref18])^ Age-matched male homozygous lean littermates of DS/obese rats (DahlS.Z-*Lepr*^+^/*Lepr*^+^, or DS/lean, rats) served as control animals (CONT group, *n* = 8). Both diet and tap water were provided ad libitum throughout the experimental period. Body weight was measured weekly. At 15 weeks of age, all animals were anesthetized by intraperitoneal injection of ketamine (50 mg/kg) and xylazine (10 mg/kg) and were subjected to hemodynamic and echocardiographic analyses. The heart was subsequently excised, and LV tissue was either immediately stored at --80°C for molecular analysis or fixed with paraformaldehyde for pathological analysis.

Hemodynamic and echocardiographic analyses
------------------------------------------

Systolic blood pressure (SBP) and heart rate were measured weekly in conscious animals by tail-cuff plethysmography (BP98A; Softron, Tokyo, Japan). At 15 weeks of age, rats were subjected to transthoracic echocardiography, as described previously.^[@ref17],\ [@ref19],\ [@ref20])^ M-mode echocardiography was performed with a 12.5-MHz transducer (Xario SSA-660A; Toshiba Medical Systems, Tochigi, Japan). LV end-diastolic (LVDd) and end-systolic (LVDs) dimensions as well as the thickness of the interventricular septum (IVST) and LV posterior wall (LVPWT) were measured, and LV fractional shortening (LVFS), relative wall thickness (RWT), and LV mass were calculated as described previouly.^[@ref21]-[@ref23])^ LV ejection fraction (LVEF) was calculated with the formula of Teichholz.^[@ref24])^ For assessment of LV diastolic function, we calculated the peak flow velocities at the mitral level during rapid filling (E) and during atrial contraction (A), the E/A ratio, and the deceleration time (DcT), from the pulsed Doppler echocardiographic data. After echocardiography, cardiac catheterization was performed as described previously.^[@ref25])^ Tracings of LV pressure and the electrocardiogram were digitized to determine LV end-diastolic pressure (LVEDP). The time constant of isovolumic relaxation (τ) was calculated by the derivative method of Raff and Glantz as described previously.^[@ref26])^

Measurement of metabolic parameters
-----------------------------------

Blood was collected from the right carotid artery of rats that had been deprived of food overnight and was centrifuged at 1400 × *g* for 10 min at room temperature in the absence or presence of anticoagulant. The serum concentration of glucose was measured with a routine enzymatic assay. The plasma levels of insulin and leptin were determined with mouse/rat enzyme-linked immunosorbent assay kits (Morinaga Bioscience Institute, Yokohama, Japan). The homeostasis model assessment of insulin resistance (HOMA-IR) index, which predicts insulin sensitivity, was calculated from the glucose and insulin values according to the empirical formulae: HOMA-IR = fasting insulin (µU/mL) × fasting glucose (mmol/L)/22.5.^[@ref27])^ Plasma renin activity and the plasma concentration of aldosterone were determined with radioimmunoassays (renin RIA beads from Abbott Japan, Tokyo, and a DPC aldosterone kit from Mitsubishi Chemical Medicine, Tokyo, Japan, respectively).

Histology and immunohistochemistry
----------------------------------

LV tissue was fixed in ice-cold 4% paraformaldehyde for 48 to 72 h, embedded in paraffin, and processed for histology as described.^[@ref28])^ Transverse sections (thickness, 3 μm) were stained either with hematoxylin-eosin for routine histological examination or with Azan-Mallory solution for evaluation of fibrosis. For evaluation of macrophage infiltration into the myocardium, frozen sections (thickness, 5 μm) that had been fixed with acetone were subjected to immunostaining for the monocyte-macrophage marker CD68 as described previously.^[@ref17])^

Superoxide production
---------------------

Nicotinamide adenine dinucleotide phosphate (NADPH)-dependent superoxide production by homogenates prepared from freshly frozen LV tissue was measured with an assay based on lucigenin-enhanced chemiluminescence, as described previously.^[@ref18])^ The chemiluminescence signal was sampled every minute for 10 min with a microplate reader (Wallac 1420 ARVO MX/Light; Perkin-Elmer, Waltham, MA), and the respective background counts were subtracted from experimental values. Superoxide production in tissue sections was examined by staining with dihydroethidium (Sigma, St. Louis, MO) as described previously.^[@ref17],\ [@ref29])^

RT and real-time PCR analysis
-----------------------------

Total RNA was extracted from LV tissue and treated with DNase with the use of a spin-vacuum isolation kit (Promega, Madison, WI). Complementary DNA was synthesized from 2 μg of total RNA by reverse transcription (RT) with random primers (Invitrogen, Carlsbad, CA) and MuLV reverse transcriptase (Applied Biosystems, Foster City, CA). After RT, real-time PCR analysis was performed with the use of a Prism 7000 Sequence Detector (Perkin-Elmer), as previously described,^[@ref30])^ and with primers and TaqMan probes specific for atrial natriuretic peptide (ANP),^[@ref20])^ brain natriuretic peptide (BNP),^[@ref20])^ β-myosin heavy chain (β-MHC),^[@ref20])^ collagen type I,^[@ref31])^ or type III,^[@ref17])^ transforming growth factor-β1 (TGF-β1),^[@ref20])^ connective tissue growth factor (CTGF),^[@ref18])^ monocyte chemoattractant protein-1 (MCP-1),^[@ref18])^ osteopontin,^[@ref18])^ cyclooxygenase-2 (COX-2),^[@ref32])^ angiotensin-converting enzyme (ACE),^[@ref20])^ the type 1A receptor for angiotensin II (AT~1A~ receptor),^[@ref20])^ MR, serum/glucocorticoid--regulated kinase 1 (Sgk1),^[@ref17])^ and the p22^phox^,^[@ref33])^ gp91^phox^,^[@ref33])^ p67^phox^,^[@ref17])^ and Rac1^[@ref17])^ subunits of NADPH oxidase. Reagents for the detection of human GAPDH mRNA (Applied Biosystems) were used to quantify rat GAPDH mRNA as an internal standard.

Statistical analysis
--------------------

Data are presented as means ± SEM. Differences among groups of rats at 15 weeks of age were assessed by one-way factorial analysis of variance (ANOVA) followed by Fisher's multiple-comparison test. The time course of body weight or SBP was compared among groups by two-way repeated-measures ANOVA. A *P* value of \<0.05 was considered statistically significant.

RESULTS
=======

LV geometry and function and metabolic characteristics
------------------------------------------------------

Body weight was significantly increased in DS/obese rats compared with DS/lean rats at 9 weeks of age and thereafter, and this increase was not affected by either tempol or eplerenone ([Figure 1A](#fig1){ref-type="fig"}, [Table 1](#table1){ref-type="table"}). SBP was also significantly higher in DS/obese rats than in DS/lean rats at 9 weeks of age and thereafter, and this increase in SBP was substantially attenuated by eplerenone but not by tempol ([Figure 1B](#fig1){ref-type="fig"}, [Table 1](#table1){ref-type="table"}). At 15 weeks of age, the ratio of LV weight to tibial length, an index of LV hypertrophy, was decreased in the EPL group but not in the Temp group compared with the MetS group ([Table 1](#table1){ref-type="table"}). The fasting serum glucose concentration at 15 weeks of age did not differ among the MetS, Temp, and EPL groups. The fasting plasma insulin level and homeostasis model assessment of insulin resistance (HOMA-IR) were not affected by either tempol or eplerenone. The plasma concentration of leptin at 15 weeks of age was also similar in the three experimental groups.

![Time courses of body weight (**A**) and SBP (**B**) in rats of the four experimental groups. Data are means ± SEM (*n* = 8 rats per group). \**P* \< 0.05 versus CONT group; †*P* \< 0.05 versus MetS group; ‡*P* \< 0.05 versus Temp group.](2186-3326-77-0275-g001){#fig1}

###### 

Anatomic, metabolic, and hormonal parameters for rats in the four experimental groups at 15 weeks of age

  Parameter                            MetS           Temp           EPL
  ------------------------------------ -------------- -------------- -----------------
  Body weight (g)                      481.8 ± 67.5   511.3 ± 62.0   519.8 ± 89.5
  Tibial length (mm)                    35.8 ± 1.1     36.0 ± 0.6     35.6 ± 1.3
  SBP (mmHg)                           221.0 ± 18.0   207.0 ± 12.0   171.7 ± 20.2\*†
  Heart rate (beats per min)           355.8 ± 36.4   354.9 ± 39.6   356.3 ± 20.9
  Heart weight/tibial length (mg/mm)    41.0 ± 0.9     40.6 ± 1.4     34.6 ± 0.9\*†
  LV weight/tibial length (mg/mm)       31.6 ± 0.7     30.2 ± 0.5     24.9 ± 0.7\*†
  Serum glucose (mg/dL)                147.0 ± 14.3   148.8 ± 14.6   156.3 ± 16.0
  Plasma insulin (ng/mL)                3.42 ± 0.46    3.45 ± 2.14    3.98 ± 0.52
  HOMA-IR                               26.9 ± 6.3     24.1 ± 7.8     25.5 ± 4.9
  Plasma leptin (ng/mL)                29.59 ± 1.40   28.70 ± 1.61   28.89 ± 0.68

Data are means ± SEM for eight rats per group. \**P* \< 0.05 versus MetS group; †*P* \< 0.05 versus Temp group.

Echocardiography revealed that the IVST, LVPWT, RWT, and LV mass were significantly greater, and that the LVDs was significantly smaller, in the MetS group than in the CONT group ([Table 2](#table2){ref-type="table"}). Treatment of DS/obese rats with eplerenone attenuated all of these changes except LVDs. LVFS was also increased in untreated DS/obese rats compared with DS/lean rats, and this change was not affected by either drug ([Table 2](#table2){ref-type="table"}). The DcT and time constant of τ were significantly prolonged and the E/A ratio was significantly decreased in the MetS group compared with the CONT group ([Table 2](#table2){ref-type="table"}). The ratio of LVEDP to the LVDd, an index of LV diastolic stiffness, was also increased in the MetS group ([Table 2](#table2){ref-type="table"}). These changes in DcT, the E/A ratio, and the LVEDP/LVDd ratio were attenuated to a greater extent in the EPL group than in the Temp group. These data thus indicated that treatment with eplerenone inhibited LV remodeling, preserved LV systolic function, and attenuated LV diastolic dysfunction to a greater extent than did tempol.

###### 

Cardiac functional parameters for rats in the four experimental groups at 15 weeks of age

  Parameter              CONT          MetS             Temp              EPL
  ---------------------- ------------- ---------------- ----------------- ------------------
  IVST (mm)              1.60 ± 0.21    2.10 ± 0.12\*    1.93 ± 0.03\*     1.78 ± 0.22†
  LVDd (mm)              8.20 ± 0.79    8.40 ± 0.89      8.22 ± 0.45       8.01 ± 1.10
  LVPWT (mm)             1.50 ± 0.08    2.00 ± 0.18\*    1.87 ± 0.04\*     1.61 ± 0.32†‡
  LVDs (mm)              5.10 ± 0.27    4.48 ± 0.82\*    3.95 ± 0.05\*     3.68 ± 0.10†
  LVFS (%)               38.3 ± 1.1     46.5 ± 2.1\*     52.1 ± 1.6\*      52.6 ± 1.9\*
  LVEF (%)               74.7 ± 1.0     81.3 ± 2.7\*     83.8 ± 1.0\*      80.6 ± 1.3\*
  LV mass (mg)            931 ± 17     1390 ± 28\*      1187 ± 52\*       1096 ± 61†‡
  RWT                    0.37 ± 0.01    0.50 ± 0.01\*    0.45 ± 0.01\*†    0.40 ± 0.02†‡
  E/A                    1.85 ± 0.16    1.27 ± 0.05\*    1.54 ± 0.02\*†    1.86 ± 0.04†
  DcT (ms)               39.6 ± 0.9     56.0 ± 1.2\*     48.1 ± 2.1\*†     41.4 ± 1.1†‡
  τ (ms)                 25.1 ± 1.9     36.0 ± 2.7\*     27.9 ± 1.4†       24.9 ± 0.7†
  LVEDP (mmHg)            2.1 ± 0.6      9.6 ± 0.1\*      8.1 ± 0.1\*†      5.3 ± 0.7\*†‡
  LVEDP/LVDd (mmHg/mm)   0.24 ± 0.06    1.24 ± 0.02\*    1.02 ± 0.02\*†    0.79 ± 0.05\*†‡

Data are means ± SEM for eight rats per group. \**P* \< 0.05 versus CONT group; †*P* \< 0.05 versus MetS group; ‡*P* \< 0.05 versus Temp group.

Cardiomyocyte hypertrophy, cardiac fibrosis, and gene expression
----------------------------------------------------------------

Microscopic analysis revealed that the cross-sectional area of cardiac myocytes was reduced in the EPL group but not in the Temp group compared with the MetS group at 15 weeks ([Figure 2A, B](#fig2){ref-type="fig"}). The expression of ANP, BNP, and β-MHC genes in the left ventricle of DS/obese rats was also down-regulated by eplerenone but not by tempol ([Figure 2C--E](#fig2){ref-type="fig"}). Azan-Mallory staining revealed that the extent of fibrosis in perivascular and interstitial regions of the LV myocardium was decreased in the Temp group and to a greater extent in the EPL group compared with the MetS group ([Figure 2F--H](#fig2){ref-type="fig"}). The abundance of collagen type I mRNA ([Figure 2I](#fig2){ref-type="fig"}); the ratio of collagen type I to type III mRNA abundance, which correlates with myocardial diastolic stiffness ([Figure 2J](#fig2){ref-type="fig"}); and the amounts of TGF-β1 and CTGF mRNAs ([Figure 2K, L](#fig2){ref-type="fig"}), which correlate with cardiac fibrosis and growth, were all decreased to a greater extent in the EPL group than in the Temp group compared with the MetS group.

![Cardiomyocyte size, cardiac fibrosis, expression of fetal-type cardiac genes and fibrosis-related genes in the left ventricle of rats in the three experimental groups at 15 weeks of age. (**A**) Hematoxylin-eosin staining of transverse sections of the LV myocardium. Scale bars, 100 µm. (**B**) Cross-sectional area of cardiac myocytes determined from sections similar to those in (**A**). (**C**--**E**) Quantitative RT-PCR analysis of the relative abundance of ANP, BNP, and β-MHC mRNAs normalized by the amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, respectively. (**F**) Collagen deposition as revealed by Azan-Mallory staining in perivascular (upper panels) and interstitial (lower panels) regions of the LV myocardium. Scale bars, 200 µm. (**G**, **H**) Relative extents of perivascular and interstitial fibrosis, respectively, in the LV myocardium as determined from sections similar to those in (**F**). (**I**--**L**) Quantitative RT-PCR analysis of collagen type I mRNA, the ratio of collagen type I to collagen type III mRNAs, TGF-β1 mRNA, and CTGF mRNA, respectively. All quantitative data are means ± SEM (*n* = 8 rats per group). \**P* \< 0.05 versus MetS group; †*P* \< 0.05 versus Temp group.](2186-3326-77-0275-g002){#fig2}

Cardiac oxidative stress
------------------------

Superoxide production in myocardial tissue sections revealed by staining with dihydroethidium as well as the activity of NADPH oxidase in LV homogenates were both markedly decreased in the Temp and EPL groups compared with the MetS group ([Figure 3A--C](#fig3){ref-type="fig"}). The expression of genes for the p22^phox^ and gp91^phox^ membrane components and the p67^phox^ cytoplasmic component of NADPH oxidase in the left ventricle was also down-regulated to a similar extent in the Temp and EPL groups ([Figure 3D--F](#fig3){ref-type="fig"}). The amount of mRNA for the NADPH oxidase subunit Rac1 in the left ventricle of DS/obese rats was decreased to a greater extent by eplerenone than by tempol ([Figure 3G](#fig3){ref-type="fig"}).

![NADPH oxidase activity, macrophage infiltration, and inflammatory gene expression in the left ventricle of rats in the three experimental groups at 15 weeks of age. (**A**) Superoxide production as revealed by dihydroethidium staining in the LV myocardium. Scale bars, 100 µm. (**B**) Relative dihydroethidium fluorescence intensity determined from sections similar to those in (**A**). (**C**) NADPH-dependent superoxide production in LV homogenates. Results are expressed as relative light units (RLU) per milligram of protein. (**D**--**G**) Quantitative RT-PCR analysis of p22^phox^, gp91^phox^, p67^phox^, and Rac1 mRNAs, respectively. (**H**) Immunohistochemical analysis with antibodies to the monocyte-macrophage marker CD68. Scale bars, 50 µm. (**I**) Density of CD68-positive cells determined from sections similar to those in (**H**). (**J**--**L**) Quantitative RT-PCR analysis of MCP-1, COX-2, and osteopontin mRNAs, respectively. All quantitative data are means ± SEM (*n* = 8 rats per group). \**P* \< 0.05 versus MetS group; †*P* \< 0.05 versus Temp group.](2186-3326-77-0275-g003){#fig3}

Cardiac inflammation
--------------------

Immunostaining for the monocyte-macrophage marker CD68 revealed that macrophage infiltration in the LV myocardium was decreased to a similar extent in the Temp and EPL groups compared with the MetS group ([Figure 3H, I](#fig3){ref-type="fig"}). The expression of MCP-1, COX-2, and osteopontin genes in the left ventricle of DS/obese rats was also decreased similarly in the Temp and EPL groups ([Figure 3J-L](#fig3){ref-type="fig"}).

Activity of RAAS
----------------

DS/obese rats showed a decrease in plasma renin activity compared with DS/lean rats, and there was no significant difference in plasma renin activity among the MetS, Temp, and EPL groups ([Figure 4A](#fig4){ref-type="fig"}). The plasma aldosterone concentration did not differ significantly between the MetS group and the CONT group, but it was decreased in the Temp group and, to a greater extent, in the EPL group ([Figure 4B](#fig4){ref-type="fig"}). The ratio of the plasma aldosterone concentration to plasma renin activity was significantly greater in the MetS group than in the CONT group, and this effect was also attenuated to a greater extent in the EPL group than in the Temp group ([Figure 4C](#fig4){ref-type="fig"}). The amounts of mRNAs for ACE and the AT~1A~ receptor in the left ventricle were increased in the MetS group compared with the CONT group, and these effects were attenuated by both drugs ([Figure 4D, E](#fig4){ref-type="fig"}). Finally, expression of MR and Sgk1 genes in the left ventricle was increased in the MetS group compared with the CONT group, and these effects were attenuated to a greater extent in the EPL group than in the Temp group ([Figure 4F, G](#fig4){ref-type="fig"}).

![Circulating levels of renin activity and aldosterone as well as expression of RAAS-related genes in the left ventricle of rats in the four experimental groups at 15 weeks of age. (A--C) Plasma renin activity, plasma aldosterone concentration, and the ratio of plasma aldosterone concentration to plasma renin activity, respectively. (D--G) Quantitative RT-PCR analysis of ACE, AT~1A~ receptor, MR, and Sgk1 mRNAs, respectively. All quantitative data are means ± SEM (*n* = 8 rats per group). \**P* \< 0.05 versus CONT group; †*P* \< 0.05 versus MetS group; ‡*P* \< 0.05 versus Temp group.](2186-3326-77-0275-g004){#fig4}

DISCUSSION
==========

We have found that eplerenone, but not tempol, attenuated hypertension and LV hypertrophy in DS/obese rats, and that eplerenone ameliorated LV fibrosis and diastolic dysfunction more effectively than did tempol. Both tempol and eplerenone similarly reduced cardiac oxidative stress and inflammation in DS/obese rats. The superior cardioprotective action of eplerenone was associated with its greater attenuation of both the ratio of the plasma aldosterone concentration to plasma renin activity and MR signaling. Our results thus indicate that selective MR blockade with eplerenone ameliorated hypertension and cardiac damage more effectively than did the antioxidant agent tempol in DS/obese rats.

Obesity, especially when complicated with hypertension, is associated with changes in cardiac structure and function.^[@ref34])^ Renal and cardiac injury in an experimental model of MetS were previously found to be strongly dependent on activation of the aldosterone-MR system.^[@ref11]-[@ref13])^ Aldosterone plays a key role in the pathogenesis of hypertension associated with diet-induced obesity by promoting glomerular hyperfiltration and sodium retention.^[@ref35])^ Furthermore, patients with higher circulating aldosterone levels showed an increased risk of developing hypertension and MetS in the Framingham Offspring Study,^[@ref36])^ and the development of these conditions was efficiently attenuated by MR blockade. DS/obese rats develop obesity and salt-sensitive hypertension as well as LV hypertrophy, fibrosis, and diastolic dysfunction, in the presence of normal serum aldosterone levels.^[@ref17])^ In the present study, eplerenone, but not tempol, attenuated hypertension and LV hypertrophy in these animals. The dose of eplerenone administered (15 mg/kg per day) was sufficiently low that we did not expect it to reduce SBP. A previous study showed that a higher dose of eplerenone (40 mg/kg per day) did not reduce SBP in DS rats.^[@ref37])^ The fact that a low dose of eplerenone was able to lower SBP in DS/obese rats is likely a result of the increased salt sensitivity of blood pressure in these animals. Recently, MR-associated hypertension with normal circulating aldosterone levels has been attracting more attention in relation to resistant hypertension.^[@ref38])^ In such cases, MR antagonists may be indicated as add-on therapy to the inhibitors of renin-angiotensin system. Rac1 is shown to stimulate nuclear translocation of MRs, thus resulting in enhanced MR activity. Since DS/obese rats shows increased expression of Rac1 gene in the heart,^[@ref17],\ [@ref23])^ elevation of Rac1 levels may therefore be one mechanism of increased salt sensitivity of blood pressure in such rats.

LV hypertrophy was also attenuated in the EPL group compared with the MetS and Temp groups, probably reflecting in part the antihypertensive action of eplerenone. Cardiac fibrosis is a pathological feature associated with hypertension and is responsible for LV diastolic dysfunction, likely as a result of increased LV diastolic stiffness.^[@ref18])^ DS/obese rats show increased levels of perivascular and interstitial fibrosis that were associated with impairment of LV relaxation as well as up-regulation of TGF-β1 and CTGF gene expression in the heart.^[@ref17],\ [@ref23])^ These changes in DS/obese rats were inhibited by both tempol and eplerenone, but the extent of inhibition was greater for eplerenone. These data are consistent with previous observations showing that TGF-β1 and CTGF contribute to the development of LV remodeling in a rat model of heart failure^[@ref39])^ and in SHR/NDmcr-cp rats fed a high-salt diet.^[@ref12])^ Furthermore, DS/obese rats showed LV diastolic dysfunction, as indicated by decreased E/A ratio, a prolonged DcT and increased LVEDP/LVDd ratio, and these changes were inhibited to a greater extent by eplerenone than by tempol. Aldosterone was shown to act on nonepithelial cells of the heart, vasculature, and kidney to promote tissue remodeling, inflammation, and fibrosis.^[@ref40])^ Such nonclassical actions of aldosterone were markedly attenuated by MR blockade with eplerenone or spironolactone in association with improvement in the outcomes of patients with LV systolic dysfunction and heart failure.^[@ref14],\ [@ref41])^ Whereas eplerenone ameliorated LV fibrosis and diastolic dysfunction more effectively than did tempol in the present study, both drugs were found to attenuate LV diastolic dysfunction to a similar extent in SHR/NDmcr-cp rats.^[@ref12])^ The superior cardioprotective action of eplerenone is likely attributable to its greater antihypertensive effect, which is likely related to its greater inhibition of aldosterone-MR signaling in the cardiovascular system. Our results are also consistent with previous observations showing that the addition of spironolactone to standard angiotensin II inhibition improved myocardial abnormalities and decreased fibrotic markers in MetS.^[@ref42])^ However, our results do not warrant that the selective MR antagonist eplerenone is superior to the antioxidant tempol in its ability to inhibit MR, because they produced unequal antihypertensive potency in our experimental conditions.

Obesity is a proinflammatory state characterized by adipose tissue inflammation, including increased production of proinflammatory cytokines and MCP-1 by adipose tissue.^[@ref43])^ This obesity-related change in adipose tissue is linked to the development of insulin resistance, type 2 diabetes mellitus, and cardiovascular injury.^[@ref43])^ Activation of MR has been implicated in the inflammation apparent in vessels, the heart, or renal cortex of rodent models of diabetes mellitus or hypertension.^[@ref44],\ [@ref45])^ MR blockade also reduces markers of inflammation in patients with diabetes.^[@ref15],\ [@ref46])^ In our recent study, macrophage infiltration into the interstitial space of the LV myocardium was accompanied by increased expression of genes for proinflammatory proteins such as MCP-1, osteopontin, and COX-2 in the heart of DS/obese rats.^[@ref23])^ These changes may contribute to the development of myocardial fibrosis in these animals.^[@ref47])^ Both tempol and eplerenone treatment similarly prevented these inflammatory changes in DS/obese rats, whereas cardiac fibrosis was inhibited to a greater extent in the EPL group than in the Temp group. It is possible that eplerenone inhibited the up-regulation of TGF-β1 and CTGF gene expression to a greater extent than did tempol as a consequence of its direct inhibition of MR and the resultant marked antihypertensive effect.

MetS is associated with an increase in oxidative stress.^[@ref9])^ MR activation can induce ROS overproduction, and selective MR blockade abolishes this effect.^[@ref12])^ Furthermore, ROS are thought to contribute to MR activation.^[@ref11],\ [@ref48])^ We recently showed that NADPH-dependent superoxide generation and the expression of NADPH oxidase subunit genes were increased in the heart of DS/obese rats.^[@ref17],\ [@ref23])^ These effects in DS/obese rats were attenuated to a similar extent by both tempol and eplerenone. Excess ROS may contribute to impairment of LV diastolic function through inhibition of Ca^2+^-handing proteins.^[@ref7])^ The decrease in the level of cardiac oxidative stress induced by tempol or eplerenone in DS/obese rats was accompanied by amelioration of cardiac inflammation. The antioxidant effect of eplerenone on the heart of DS/obese rats is thus similar to that of tempol. Our results suggest that some of the beneficial cardiovascular effects of eplerenone are mediated through changes in oxidative stress.^[@ref12])^

The RAAS has been implicated in the pathogenesis of MetS.^[@ref10])^ In addition to the classical systemic RAAS, a local RAAS is thought to operate in the heart, vessels, and kidney.^[@ref18])^ Our recent study demonstrated that the expression of genes for ACE, the AT~1A~ receptor, MR, and the aldosterone effector kinase Sgk1 was up-regulated in the heart of DS/obese rats,^[@ref17],\ [@ref23])^ consistent with a causative role for RAAS activation in the development of cardiac injury associated with MetS.^[@ref12])^ Our observations that cardiac RAAS gene expression was reduced by tempol and eplerenone are consistent with previous results showing that up-regulation of ACE and MR signaling in the cardiovascular system of SHR/NDmcr-cp rats was attenuated by these drugs.^[@ref12])^ Notably, cardiac expression of the MR and Sgk1 genes was decreased to a greater extent by eplerenone than by tempol. In addition, we found that both the plasma aldosterone concentration and the ratio of the plasma aldosterone concentration to plasma renin activity were lower in the EPL group than in the Temp group. The classical systemic RAAS is modulated to increase renin and aldosterone levels by MR blockade with the feedback loop. Our results are not consistent with previous findings that plasma aldosterone levels were elevated by selective MR blockade with eplerenone in SHR/cp rats.^[@ref12])^ Adipocyte-derived aldosterone-releasing factors (ARFs) stimulate aldosterone secretion by the adrenal gland, resulting in aldosterone excess in obese spontaneously hypertensive rats.^[@ref13])^ It might be possible that eplerenone inhibited the secretion of these factors in DS/obese rats.

A previous in vitro study suggested that oxidative stress enhances MR sensitivity through desumoylation of MR protein.^[@ref49])^ Eplerenone treatment attenuated LV fibrosis and failure in mice subjected to ascending aortic constriction, indirectly linking the involvement of aldosterone with chronic pressure overload.^[@ref50])^ Since aldosterone-mediated LV hypertrophy and fibrosis was associated with increased oxidative stress and inflammation, it is possible that the beneficial effects of eplerenone may be attributable in part to reduced oxidative stress and its-associated decrease in MR sensitivity.^[@ref51],\ [@ref52])^ Our results also support the notion that MR activation by factors other than aldosterone, such as increased MR abundance, increased MR sensitivity, and overstimulation of MR by Rac1 may be involved in the pathogenesis of MR-associated hypertension with normal plasma aldosterone levels.^[@ref38])^ In addition to genomic effects of aldosterone, rapid nongenomic effects of mineralocorticoids have been reported in various tissues, including in the heart, that are mediated by activation of a membrane receptor distinct from the classical MR.^[@ref53],\ [@ref54])^ It is thus not improbable that nongenomic effects of aldosterone play a role in the pathogenesis of cardiac injury in DS/obese rats.

In conclusion, we have shown that eplerenone, but not tempol, attenuated hypertension and LV hypertrophy in DS/obese rats and that eplerenone ameliorated LV fibrosis and diastolic dysfunction more effectively than did tempol. Cardiac oxidative stress and inflammation were similarly attenuated by both drugs. Our results suggest that abnormal activation of the aldosterone-MR system may play a key role in the development of salt-sensitive hypertension and cardiac damage in MetS. Selective MR blockade thus warrants further investigation for its ability to prevent hypertension as well as to protect the cardiovascular system in individuals with MetS.
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